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METHOD FOR PRODUCING MIXED METAL 
OXIDES AND METAL OXIDE COMPOUNDS 

[001] This application claims priority from U.S. Serial No. 60/230,21 1 . 

[002] The present invention relates to a process for the manufacture of 
mixed metal oxides and metal oxide compounds from aqueous solutions of their 
salts, part of the process, and the product of the process. 

BACKGROUND OF THE INVENTION 

[003] Oxides of copper and aluminum are used as catalyst precursors in 
the manufacture of butynediol-1 ,4 or other organic compounds. U.S. Patent 
4,009,124 teaches a method to make a basic mixed carbonate of copper and 
aluminum with a defined crystal structure, which, after annealing at 350° to 600° 
C, produces an amorphous phase, particularly active as a catalyst. The process 
involves milling and sifting of the annealed product to obtain a suitable particle 
distribution e.g. from 60 to 200 pm. Discrete forms suitable for use as fixed-bed 
catalysts are also used. 

[004] Novel processes for the manufacture of titanium dioxide from 
aqueous solutions have been disclosed in PCT Publications WO 01/00530, WO 
01/00531 , and WO 01/12555. In general, these applications describe the 
processing of an aqueous solution of a titanium salt by evaporation to produce an 
intermediate. The evaporation is conducted at a temperature higher than the 
boiling point of the solution, but lower than the temperature where significant 
crystal growth of an oxide phase occurs. In some embodiments, the evaporation 
may be conducted at a temperature higher than the boiling point of the solution 
but lower than the calcination temperature of the intermediate. 

[005] In the case of titanium solutions, the temperature generally ranges 
from 120° to 350° C, and preferably from 200° to 250° C. The process is 
preferably conducted by spraying, and can be accomplished in a spray dryer. 
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The spray drying process produces thin-filmed spheres or parts of spheres, with 
a diameter of about 1 to 100 pm, and a shell thickness of about 0.03 to 5 pm. 

[006] After calcination and milling of these spheres or parts of spheres, 
and depending on the conditions of evaporation, the choice of additives and the 
conditions of calcination, ultra-fine nano-sized Ti0 2 or, alternatively, pigment 
grade Ti0 2 can be obtained. 

[007] There has been no suggestion, however, that such a process can 
economically and commercially produce mixed metal oxides and metal oxide 
compounds. The present invention is therefore directed to a process to 
economically produce intimate mixtures of oxides or compounds formed from a 
mixture of oxides, starting from aqueous solutions of salts of different metals. 

SUMMARY OF THE INVENTION 

[008] The present invention provides a process for the manufacture of 
mixed metal oxides and metal oxide compounds that comprises preparing an 
aqueous feed solution that contains at least two metal salts, evaporating the feed 
solution under controlled conditions to form an intermediate, and calcining the 
intermediate to convert any remaining metal salts to metal oxides. In selected 
embodiments, the calcining is conducted in the presence of an oxidizing agent. 

[009] The metal salts are selected from the group consisting of alkali 
metals, Mg, alkaline earth metals, lanthanoids, Group 3-15 stable metals, and 
mixtures thereof. In particular, the metal salts are selected from the group 
consisting of Li, Na, K, Mg. Ca, Sr, Ba, Sc, Y, lanthanoids, Ti, Zr, Hf, V, Nb, Ta, 
Cr, Mo, W, Mn, Fe, Co, Ni, Cu, Zn, Cd, Al, In, Sn, Pb, Sb, Bi, and mixtures 
thereof. 

[010] In one embodiment, the feed solution contains a first metal salt that 
hydrolyzes at the temperature of evaporation and a second metal salt that is 
stable at the temperature of evaporation. In this embodiment, the first metal salt 
is selected from the group consisting of Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W, Mn, Al, 
Sn, Sb, Pb, Bi, and mixtures thereof. Likewise, the second metal salt is selected 
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from the group consisting of Li, Na, K, Mg, Ca, Sr, Ba, Sc, Y, lanthanoids, Mn, 
Fe, Co, Ni, Cu, Zn, Cd, Al, In, Sn, Sb, Pb, Bi, and mixtures thereof. One of skill 
in the art will understand that the first metal salt and the second metal salt may 
hydrolyze or not, depending on the exact composition of the solution. 

[01 1] The anion involved in the formation of the metal salt can be any 
anion that can be made to form an aqueous solution of the salt. Non-limiting 
examples of suitable anions include chlorides, oxychlorides, sulfates, 
oxysulfates, nitrates, nitrites, chlorates, perchlorates, and organic anions such as 
acetates and citrates and mixtures thereof. 

[012] The evaporation is conducted under conditions to achieve 
substantially total evaporation and to form an intermediate. In particular, the 
evaporation is conducted at a temperature higher than the boiling point of the 
feed solution but lower than the temperature where significant crystal growth of 
an oxide phase occurs. The evaporation may be conducted at a temperature 
higher than the boiling point of the solution but lower than the calcination 
temperature of the intermediate. In a particularly preferred embodiment, the 
intermediate is an amorphous solid formed as a thin film and preferably is 
spherical or part of a sphere. 

[01 3] The term "substantially total evaporation" or "substantially complete 
evaporation" refers to evaporation of greater than 85% of the free water content, 
preferably greater than 90% of the free water and more preferably greater than 
95% of the free water present in the feed solution. The term "free water" is 
understood and means water that is not chemically bound and can be removed 
by heating at a temperature below 150° C. After substantially total evaporation 
or substantially complete evaporation, the intermediate product will have no 
visible moisture present. 

[014] The intermediate is then calcined to convert the intermediate to a 
mixture of metal oxides or to a metal oxide compound. If non-oxidized salts are 
present in the intermediate, an oxidizing agent is preferably added during the 
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calcination process to convert any remaining metal salts to the metal oxide 
products of the present invention. 

[01 5] In accordance with the process of the present invention a mixed 
metal oxide or a metal oxide compound is produced and is characterized by a 
crystallized metal oxide or mixed metal oxide phase such that at a magnification 
of 30,000x under a scanning electron microscope, the mixed metal oxide or 
metal oxide compound appears homogeneous. 

[01 6] The mixed metal oxide produced by the process according to the 
present invention may also be characterized by a uniform bound structure of 
individual particles having an average size between 10 and 50 nm and a 
standard deviation of no more than 20%. 

DESCRIPTION OF THE DRAWINGS 

[01 7] FIG. 1 is a general flow sheet showing the steps of one 
embodiment of the process of the present invention. 

[01 8] FIG. 2 is a flow sheet of another embodiment of the process of the 
present invention, where one of the feed materials is a hydrolysable salt 

[019] FIG. 3 is a scanning electron micrograph at a magnification of 
30,000x of a copper aluminum oxide made using the process of the present 
invention. 

[020] FIG. 4 is the X-ray diffraction pattern corresponding to the product 
of FIG. 3. 

[021] FIG. 5 is a scanning electron micrograph of the intermediate 
product after the substantially total evaporation step used in the process 
according to the present invention where the final product is an yttrium-stabilized 
zirconium oxide. 

[022] FIG. 6 is the X-ray diffraction pattern corresponding to the product 
of FIG. 5. FIG. 6 shows that the product of FIG. 5 is in the amorphous state. 
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[023] FIG. 7 is a scanning electron micrograph of the yttrium-stabilized 
zirconium oxide product manufactured according to the process of the present 
invention. 

[024] FIG. 8 is the X-ray diffraction pattern corresponding to the product 
of FIG. 7. 

[025] FIG. 9 is a scanning electron micrograph of zirconium-titanium- 
yttrium oxide manufactured according to the process of the invention. 

[026] Fig. 10 is a scanning electron micrograph or an aluminum-titanium 
oxide product manufactured according to the process of the present invention. 

[027] FIG. 1 1 is the X-ray diffraction pattern corresponding to the product 
of FIG. 10. 

DESCRIPTION OF THE INVENTION 

[028] Turning now to FIG 1 , a flow sheet of one embodiment according to 
the present invention is shown. According to this embodiment a feed solution of 
two or more salts is provided. Thereafter, the feed solution is evaporated to 
provide an intermediate, which is calcined to form a product that may be used "as 
is" or may optionally be further finished by, for example, milling. 

[029] The feed solution is generally an aqueous solution formed from two 
or more metal salts. The metal salts are selected from the group consisting of 
alkali metals, Mg, alkaline earth metals, lanthanoids, Group 3-15 stable metals, 
and mixtures thereof. In particular, the metal salts are selected from the group 
consisting of Li, Na, K, Mg. Ca, Sr, Ba, Sc, Y, lanthanoids, Ti, Zr, Hf, V, Nb, Ta, 
Cr, Mo, W, Mn, Fe, Co, Ni, Cu, Zn, Cd, Al, In, Sn, Pb, Sb, Bi, and mixtures 
thereof. 

[030] In one embodiment, the feed solution contains a first metal salt that 
hydrolyzes at the temperature of evaporation and a second metal salt that is 
stable at the temperature of evaporation. In this embodiment, the first metal salt 
is selected from the group consisting of Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W, Mn, Al, 
Sn, Sb, Pb, Bi, and mixtures thereof. Likewise, the second metal salt is selected 
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from the group consisting of Li, Na, K, Mg, Ca, Sr, Ba, Sc, Y, lanthanoids (La, 
Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb), Mn, Fe, Co, Ni, Cu, Zn, 
Cd, Al, In, Sn, Sb, Pb, Bi, and mixtures thereof. One of skill in the art will 
understand that the first metal salt and the second metal salt may hydrolyze or 
not, depending on the exact composition of the solution. 

[031] The anion involved in the formation of the metal salt can be any 
anion that can be made to form an aqueous solution of the salt. Non-limiting 
examples of suitable anions include chlorides, oxychlorides, sulfates, 
oxysulfates, nitrates, nitrites, chlorates, perchlorates, and organic anions such as 
acetates and citrates and mixtures thereof. 

[032] The concentration in the feed solution of each metal is in the range 
of 10 to 200 g/l and preferably in the range of 50 to 150 g/l. 

[033] The feed solution is evaporated under controlled temperature 
conditions to form an intermediate product comprising a thin film. The 
evaporation is conducted above the boiling point of the solution but below the 
temperature where there is significant crystal growth of an oxide phase. The 
evaporation is also conducted in a manner to control the physical form of the 
product. The evaporation may be conducted at a temperature higher than the 
boiling point of the solution but lower than the calcination temperature of the 
intermediate. 

[034] The product will generally be amorphous and retain chemically 
combined water as a hydrated oxide. Preferably, the evaporation is conducted 
under conditions to achieve substantially complete evaporation. Water and 
volatile products of the acid involved are vaporized and may be recovered by any 
known process. The process is particularly suited to the production of mixed 
metal oxides or metal oxide compounds where at least one of the oxides is 
formed by hydrolysis during the evaporation step. 

[035] The evaporation can be accomplished by contact of drops of 
solution with a hot surface or by spraying in a stream of hot gas. Preferably, the 
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spraying is accomplished in a spray dryer. Through control of the operating 
parameters, including temperature, flow rate, and concentration of the metal 
salts, the resulting physical and chemical characteristics of the solid intermediate 
product can be controlled within a fairly narrow range. In general, the 
evaporation temperature is in the range of 100° to 600° C and preferably in the 
range of 200° to 400° C. Accordingly, when a spray dryer is used, the 
temperature in the spraying chamber is in the range of 100° to 600° C and 
preferably in the range of 200° to 400° C. 

[036] The intermediate product resulting from spraying in a spray dryer 
will be composed of thin-filmed spheres or parts of spheres. The dimensions of 
the spheres may vary over a wide range, from less than 1 |Lim to 100 jam in 
diameter, and the shell thickness in the range from about 30 nm to about 1000 
nm. As an example, FIG. 5 is a scanning electron micrograph of the intermediate 
product after the substantially total evaporation step used in the process 
according to the present invention where the final product is an yttrium-stabilized 
zirconium oxide and where the evaporation was conducted by spraying. FIG. 6 
is the X-ray diffraction pattern corresponding to the product depicted in FIG. 5. 
The X-ray diffraction pattern shows small crystals and only very partial 
crystallization. This intermediate product may be called amorphous. 

[037] The product of the evaporation process (the intermediate product) 
is further calcined to form an intimate mixture of oxide crystals, to convert the 
metal salt or salts to metal oxides. The calcination process may produce a 
chemical compound formed by reaction of the individual oxides of the metals in 
solution. Alternatively, the oxides of the metal in solution may remain present as 
an intimate physical mixture. It is also possible that only a part of the oxides 
reacts chemically, whereas another part will form an intimate physical mixture. 
The calcination temperature varies with the nature of the metals and salts used in 
the reactor, but is generally in the range 500° to 1300° C. The calcination time 
varies from about 2 hours to about 24 h. 



WO 02/20396 



PCT/US01/27673 



-8- 

[038] If non-oxidized salts are present in the intermediate, an oxidizing 
agent is preferably added during the calcination process to convert any 
remaining metal salts to the metal oxide products of the present invention. The 
oxidizing agent may be air, air enriched oxygen, or pure oxygen, which is brought 
into contact with the metal salt or salts during calcinations. The oxidizing agent 
may also be a salt of an oxidizing agent such as nitric acid or perchloric acid. 

[039] The product of the calcination process is a chemically 
homogeneous structure, consisting of independent particles with a narrow size 
distribution. The size of the individual particles depends on the nature of the 
metal salts present, on the conditions of the evaporation process, and on the 
temperature and other conditions of calcination. The particles are bound 
together into a thin film. It is possible to adjust the conditions to produce 
individual particles of less than 100 nm, known as nano-sized particles. If the 
evaporation process is conducted by spraying, the structure binding the particles 
consists of spheres or parts of spheres. 

[040] If a fine powder is desired, the product can be milled and dispersed 
to break up the thin film into individual particles with narrow size distribution. 
Alternatively, the structure of bound particles formed after calcination may be 
used as final product. This structure typically exhibits a large and controllable 
surface area, and is typically a good material for use as a catalyst. 

[041] Without being bound by any theory, it is believed that evaporation 
of the solution under the conditions of this invention produces a highly 
homogeneous mixture of salts or oxides. Further calcination transforms the 
remaining salts into oxides and eliminates remaining anions (sulfate, nitrate, 
chloride etc.) by decomposition of the salt and formation of a gaseous compound 
(HCI, SO2, N0 2 etc.). The final product is a homogeneous porous crystal 
structure, with large surface area and potentially high catalytic activity. 

[042] Particularly in the case where the feed solution consists of a 
mixture of a salt that hydrolyzes at the temperature of evaporation and one or 
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more salts that are stable at the temperature of evaporation, it is believed that the 
formation of an amorphous oxide mixed with a salt phase, followed by 
decomposition of the salt in the calcining step, and possibly reaction with the 
oxide to form a mixed oxide compound, produces a porous structure with special 
properties. This porous structure may be used as such, for instance as a 
catalyst. It may also be milled or dispersed into individual particles with a narrow 
size distribution. 

[043] The following examples illustrate, but do not limit, the present 
invention. 

EXAMPLE I 

Copper aluminum oxide 

[044] The feed solution may be an aqueous solution that includes a 
water-soluble copper salt and a water-soluble aluminum salt containing amounts 
of Cu and Al in the same ratio as the desired ratio of copper to aluminum in the 
product oxide. The feed solution may be processed according to the steps of the 
present invention to produce a copper aluminum oxide. 

Stabilized zirconia 

[045] Stabilized zirconia consists of zirconium oxide to which a stabilizing 
agent has been added to stabilize the cubic structure over a wide temperature 
range. 

[046] The feed solution may contain a zirconium salt and a stabilizing 
agent. The zirconium salt will preferably include a zirconium salt selected from 
the group consisting of zirconium sulfate, zirconium oxychloride, zirconium 
oxynitrate, zirconium carbonate or another water or acid soluble zirconium salt. 
The stabilizing agent will be selected from the group consisting of calcium oxide, 
magnesium oxide, yttrium oxide or another rare earth oxide. When, for example, 
the zirconium salt is zirconium oxychloride and the stabilizing agent is added as 
yttrium chloride, zirconium oxychloride hydrolyzes into Zr0 2 while the solution is 
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evaporated. The second salt remains as a chloride at the temperature of the 
process and is intimately mixed with Zr0 2 . Calcination at 600° to 1300° C 
creates a porous structure of stabilized zirconia. 

Aluminum-titanium oxide 

[047] The starting solution may be formed of titanium oxychloride and 
aluminum chloride. Both titanium oxychloride and aluminum chloride hydrolyze 
during the evaporation. The subsequent calcining step produces a structure of 
nano-sized individual aluminum-titanium oxide particles. 

Lithium-titanium oxide or lithium titanate 

[048] A solution of lithium chloride and titanium oxychloride with a Li to Ti 
ratio close to the stoichiometric formula Li 4 Ti 5 0i 2 may be evaporated using the 
conditions of the invention, hydrolyzing the titanium oxychloride but leaving the 
lithium as a salt. Calcination at about 800° C produces a structure of pure 
Li 4 Ti 5 0i2 that provides electrodes for lithium ion batteries with high intercalation 
capacity and high charging and discharging rates. Lithium chloride oxidizes 
during calcination and an oxidizing agent is provided during the process. 

EXAMPLE II 

[049] An aqueous feed solution of copper sulfate (78 g/l Cu) and 
aluminum chloride (53 g/l Al) was prepared and evaporated. The evaporation 
was conducted by spraying the feed solution into a spray dryer at a temperature 
of 400°C, which is a temperature higher than the boiling point of the feed solution 
but lower than the temperature when significant crystal growth occurs. X-Ray 
diffraction analysis of the solid powder showed that the aluminum was present as 
the oxide, while the copper was present mostly as copper sulfate. 

[050] The resulting intermediate product was further calcined at 800° C 
for 8 h. FIG. 3 is a scanning electron micrograph of the product after calcination 
at a magnification of 30,000x. It shows the two components are intimately mixed 
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and that two separate phases cannot be distinguished at the scale of the 
micrograph. FIG 4 is the X-Ray diffraction pattern of the calcined product and it 
shows that the crystals consist of CuO.AI 2 C>3, with a minor amount of 
independent CuO crystals. The surface area, measured by the BET method, 
was 25 m 2 /g. The size of individual crystals is of the order of 40 to 50 nm. 

EXAMPLE 111 

[051] Yttrium oxide (Y 2 0 3 ) in an amount of 496 g was dissolved in 1 .5 
liter of concentrated HCI and diluted to 3 liter with water. Zirconium tetrachloride 
(ZrCU) in an amount of 5358 g was slowly added to the cooled solution. After 
addition of ZrCI 4 , the yttrium chloride solution was mixed and the entire volume 
was diluted to 53 liters with water to form a feed solution. 

[052] The feed solution was evaporated by injecting it at a rate of 0.2 
liters/min at the top of a titanium spray dryer with air injection at 500° C and an 
outlet temperature of 250° C. The intermediate was recovered in a titanium 
cyclone. FIG. 5 is a scanning electron micrograph of the intermediate and FIG. 6 
is the X-ray diffraction pattern of the intermediate and it shows that the 
intermediate is in the amorphous state. 

[053] The intermediate product formed from the evaporation was placed 
in a silica roasting dish and calcined in a muffle furnace at 600° C for 8 h. FIG. 7 
shows a scanning electron micrograph of the calcined product. The particles are 
about 15 nm to in size and form a regular pattern that can be broken up by 
milling. FIG. 8 shows the X-Ray diffraction pattern corresponding to this product. 
It identifies the product as consisting mainly of yttrium zirconium oxide. The 
particle size estimated by the Scherrer method is 16 nm. The standard deviation 
on the size of the particles is estimated at less than 20%. 

EXAMPLE IV 

[054] Yttrium oxide (Y 2 0 3 ) in an amount of 460 g was dissolved in 1 000 
ml of concentrated HCI and diluted to 3000 ml with water. A volume of 10 liters 
of concentrated hydrochloric acid (12.1 M) was added to 18 liters of water and 
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allowed to cool. A volume of 500 ml of an acid titanium oxychloride solution 
containing 130 g/l Ti and 410 g/l CI was added to the cooled acid solution. The 
yttrium chloride solution was then added to the mixture. A weight of 4996.5 
grams of zirconium tetrachloride (ZrCU) was slowly added to the cooled solution 
containing hydrochloric acid, yttrium, and titanium. After addition of the ZrCI 4 , the 
entire volume was diluted to 53 liters with water to form a feed solution. 

[055] The feed solution was evaporated by injecting it at a rate of 0.3 
Iiters/min at the top of a titanium spray dryer with air injection at 630° C and an 
outlet temperature of 250° C. The intermediate product formed from the 
evaporation was recovered in a titanium cyclone. 

[056] This intermediate product formed from the evaporation was 
calcined at 600° C for 8h. FIG. 9 shows a scanning electron micrograph of the 
product after calcination. The picture shows a regular pattern, with elemental 
particles of about 15 nm in size and a narrow size distribution with a standard 
deviation of about 20%. 

EXAMPLE V 

[057] A feed solution of titanium oxychloride and aluminum chloride 
containing 71 .8 g/l Ti and 26.97 g/l Al was evaporated drop by drop on a hot 
plate at 500° C to form an intermediate. 

[058] FIG. 10 is a scanning electron micrograph of the intermediate 
product after calcination, suggesting a particle size of the order of 10 nm. FIG. 
1 1 is the X-ray diffraction pattern of the product. Mostly AI2O3 and Al20 3 .Ti0 2 
compounds were detected by the x-ray diffraction. Peak intensities indicate very 
small particles. 
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CLAIMS 

What is claimed is: 

1 . A process for the manufacture of mixed metal oxides or metal oxide 
compounds comprising: 

a. preparing an aqueous feed solution of at least two metal salts; 

b. evaporating the feed solution to form an intermediate in a controlled 
temperature substantially total evaporation process at a temperature higher than 
the boiling point of the feed solution but lower than the calcination temperature of 
the intermediate; and, 

c. calcining the intermediate to produce a mixed metal oxide or metal 
oxide compound. 

2. The process of claim 1 wherein the feed solution includes a first metal salt 
that hydrolyzes at the temperature of evaporation and a second metal salt that is 
stable at the temperature of evaporation. 

3. The process of claim 1 or 2 wherein the at least two metal salts are 
selected from the group consisting of alkali metals, Mg, alkaline earth metals, 
lanthanoids, Group 3-15 stable metals, and mixtures thereof. 

4. The process of claim 3 wherein the at least two metal salts are selected 
from the group consisting of Li, Na, K, Mg. Ca, Sr, Ba, Sc, Y, lanthanoids, Ti, Zr, 
Hf, V, Nb, Ta, Cr, Mo, W, Mn, Fe, Co, Ni, Cu, Zn, Cd, Al, In, Sn, Pb, Sb, Bi, and 
mixtures thereof. 

5. The process of claim 1 , 2, 3, or 4 wherein the anion of the at least two 
metal salts is selected from the group consisting of chloride, oxychloride, sulfate, 
oxysulfate, nitrate, nitrite, chlorate, perchlorate, acetate, citrate, and mixtures 
thereof. 
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6. The process of claim 1 wherein one of the at least two salts salt is 
selected from the group consisting of a titanium salt, a zirconium salt, or a 
mixture of the two salts. 

7. The process of claim 1 wherein the feed solution contains a copper salt 
and an aluminum salt 

8. The process of claim 1 wherein the feed solution contains aluminum 
sulfate and copper chloride. 

9. The process of any of the preceding claims wherein the evaporation is 
conducted at a temperature between 100° C and 600° C. 

10. The process of any of the preceding claims wherein the calcining step is 
conducted at a temperature between 500° and 1300° C and for a time between 2 
h and 24 h. 

1 1 . The process of any of the preceding claims wherein the evaporation is 
conducted by spraying. 

12. The process of claim 1 1 wherein the evaporation by spraying is conducted 
in a spray dryer. 

1 3. The process of claim 1 2 wherein the intermediate consists of spheres or 
parts of spheres. 

14. The process of claim 13 wherein the diameter of the spheres is between 1 
and 100 pm. 
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15. The process of claim 13 wherein intermediate has a thickness in the range 
from 30 nm to 1000 nm. 

16. A mixed metal oxide characterized by the presence of a crystallized mixed 
metal oxide phase intimately mixed with a metal oxide phase in such a way that it 
appears homogeneous under the scanning electron microscope at a 
magnification of 30,000x. 

17. The mixed metal oxide of claim 1 6 wherein the mixed metal oxide is a 
mixed copper-aluminum oxide and the metal oxide is copper oxide. 

18. A stabilized zirconia compound formed as a uniform bound structure of 
individual particles having an average particle size between 10 and 50 nm with a 
standard deviation of no more than 20%. 

19. A mixed metal oxide characterized by a uniform bound structure of 
individual particles having an average particle size between 10 and 50 nm with a 
standard deviation of no more than 20%. 

20. The mixed metal oxide of claim 19 wherein the mixed metal oxide is 
zirconium-titanium-yttrium oxide. 
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